. The human antiporter NHE1 is linked to a wide 37 spectrum of diseases, from heart failure to autism 3 . NHE1 is an electroneutral antiporter 38 3 of the CPA1 family, exchanging one proton against one sodium ion. By contrast, the 39 bacterial antiporters NhaA 2,4 and NapA 5 are electrogenic members of the CPA2 family 40 of antiporters, exchanging two protons against one sodium ion. In spite of its 41 importance as a drug target, the structure of NHE1 has not yet been determined. 42 Recently, however, structures of the archaeal CPA1 Na + /H + antiporters PaNhaP from 43
Pyrococcus abyssi and MjNhaP1 from Methanocaldococcus jannaschii have been 44 solved 6,7 , which are both close homologues of NHE1. This enables us to explore the 45 mechanism of electroneutral Na + /H + exchange. Table 1 ). The ion-binding site is either occluded (i.e., not connected by water to 130 the solvent layers above and below, or only by fragile water interactions), or connected 131 to both water layers simultaneously (Extended Data Fig. 10 dynamics is noticeably faster at high temperature, with transition paths spending less 145 time in the barrier region than at 37°C (Fig. 2C ). This speedup is consistent with the 146 rapid increase of the measured transport activity with rising temperature 6 . 147
148

Hydrophobic gates 149
The transition paths reveal two hydrophobic gates that control access to the 150 ion-binding site (Fig. 3) response to domain motion, the hydrophobic gates open and close to provide the 160 moving barriers of the rocker switch. In the transition paths, the Ile163-Tyr255 161 side-chain distance increases from 5 to 9 Å as the outside gate opens. Concomitantly, 162 the Ile69-Ala132 side-chain distance shrinks from 10 to 5 Å as the inside gate closes 163 (Fig. 3A-B NhaA, and NapA suggests that equivalent residues function as gates in homologous 172 exchangers (Extended Data Table 3 and Extended Data Fig. 11 ). Thus, inside and 173 outside gates are an integral part of their ion-transport mechanism. In NhaA, residues 174 I168 and T227 interact with F344 and I345 to form the outside gate (PDB ID: 1ZCD). 175
In the inward-open structure of NapA (PDB ID: 5BZ2), L161 is in contact with V239, 176 and I238 has a contact with I337, forming the outside gate. In the NapA outward-open 177 structure (PDB ID: 5BZ3), the four residues L67, L68, V128 and G129 form the inside 178 gate. 179
Note that the hydrophobic gate we identified here should be distinguished from the 180 "cytoplasmic gate" reported in a simulation study of NhaA by Beckstein, Shen and 181 We performed a Monte Carlo search in the parameter space { * } to 210 maximize the likelihood. The resulting coefficients * indicate the significance of 211 descriptor * in describing the transition state. By using shooting statistics from 16 212 shooting points of the 2nd round of shooting following the first initial path, we 213 optimized the parameters { * } (Fig. 4A) . For the angle of the domain motion and the 214 distance of the inward gate residues, the coefficients take values around zero, which 215 14 suggest no significant contribution from these order parameters. Thus, in the following 216 analysis, we only focus on the other two order parameters: the z-translation of the 217 moving domain and the distance of the outward gate residues. 218
We used the optimized reaction coordinate to select shooting points in the 2nd 219 and 3rd round of path sampling following the second initial path. Conformations that 220
were predicted to have % [ ( * )]~0.5 were picked as the 2nd round shooting points. 221
The outcomes of these shots were then added to the likelihood, and the reaction 222 coordinate was optimized again ( 
Methods: 288
Simulation system setup 289
The recently solved ion-bound crystal structure of the PaNhaP dimer at pH8 (PDB 290 ID: 4CZA) 6 was used as initial structure for molecular dynamics (MD) simulations. The 291 dimer was embedded into a 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) 292 lipid bilayer and solvated with 150 mM NaCl. The initial box size was 156×126×105 Å 3 . 293
Based on PROPKA analysis 30 , the buried acidic residues Asp93, Glu359, and Glu408, 294 were protonated. Simulations with different protonation states of the residues Glu73, 295
Asp130, and Asp159 in the ion binding site, as well as a quantum-mechanical geometry 296 optimization, showed that with Na + bound, Glu73 has to be protonated and the two 297 aspartates unprotonated to maintain the cation coordination of the crystal structure 6 . 298
These protonation states are further corroborated by the spontaneous binding and 299 release of Na + ions seen in long equilibrium MD simulations, as essential steps in the 300 functional cycle (Extended Data Fig. 12) . One of the paired His292 residues at the 301 dimer interface was protonated to maintain the hydrogen bond interactions. The total 302 number of atoms in the simulation box is ~191,000. in rigid-body superpositions are 1.3, 1.2, and 1.6 Å for subunit pairs Ba-As, Ba-Bs, and 342
As-Bs, respectively, using average structures during the last 0.5 µs of MD). Four 40-ns trajectories were run from each configuration, and if they showed at least 365 one successful transition (i.e., two conjugate segments ending up in opposite access 366 states), more trajectory pairs were started from the configuration (Extended Data Table  367 1). 368
The path-shooting statistics of rounds 1 and 2 indicated a comparably high 369 percentage of successful shots from structures in which the ion-binding site was either 370 occluded or in hydration contact with both sides of the membrane. In rounds three and 371 four of path shooting, we thus used this access criterion to select candidate structures for 372 transition-path shooting. Importantly, any transport transition path will have a trajectory 373 segment satisfying this condition. As a different and more systematic approach to select 374 candidate shooting points of rounds two and three following the second initial path, we 375 targeted conformations with a committor value ~0.5, as estimated with the help of an 376 24 iteratively optimized reaction coordinate described as a linear combination of the 377 domain motions and gate distances (see main text). Detailed balance in path sampling 378 defines the relative weights of transition paths found by recursive application of this 379 procedure 10 . The ratio of weights pnew/pold of a newly created path and an existing path 380 is accordingly given by the ratio of probabilities p(old®new)/p(new®old) to create one 381 path from the other. For our sampling scheme, the ratio of path weights is given by 382 pnew/pold = nold/nnew, i.e., the ratio of the numbers of configurations (saved at uniform 383 time intervals) on the existing and the new path that are in the shooting range 10 , which 384 we defined as the union of occluded and connected access states. Here, for simplicity 385 and in reflection of the limited sampling because of large computational costs, we do 386 not weight the paths. 387
Extended Data Table 1 . 419
In addition to the structural order parameters, we also quantified water access to 420 the binding site in terms of the following order parameter, 421 
